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We have investigated the photophysical properties and intracellular behaviour of a series of 
hydrophilic conjugated porphyrin dimers. All the dimers exhibit intense linear absorption at 650–10 
800 nm and high singlet oxygen quantum yields (0.5–0.9 in methanol), as required for an efficient 
sensitiser for photodynamic therapy (PDT). They also exhibit fluorescence at 700–800 nm, with 
fluorescence quantum yields of up to 0.13 in methanol, and show extremely large two-photon 
absorption maxima of 8,000–17,000 GM in the near-IR. The dimers aggregate in aqueous solution, 
but aggregation is reduced by binding to bovine serum albumin (BSA), as manifested by an 15 
increase in fluorescence intensity and a sharpening in the emission bands. This process can be 
regarded as a model for the interaction with proteins under physiological conditions. Confocal 
fluorescence microscopy of live cells was used to monitor the rate of cellular uptake, intracellular 
localisation and photostability. Porphyrin dimers with positively charged substituents partition into 
cells more efficiently than the negatively charged dimers. The photostability of these dimers, in 20 
living cells, is significantly better than that of the clinical photosensitiser verteporfin. Analysis of 
the photophysical parameters and intracellular imaging data indicates that these dimers are 
promising candidates for one-photon and two-photon excited PDT. 
Introduction 
Photodynamic therapy (PDT) is a light-activated treatment which is 25 
used in the clinic to destroy diseased tissues,
1,2
 and is in trials for the 
eradication of localised bacterial infections.
3
 PDT drugs (or 
photosensitisers) achieve their therapeutic effect by generating a 
cytotoxic species in the presence of light, by either electron-transfer 
(Type I) or energy-transfer (Type II) processes. The majority of 30 
photosensitisers are tetrapyrroles or porphyrinoids; these drugs cause 
cell death by transferring energy to oxygen, producing the highly 
reactive singlet excited state of molecular oxygen, 
1
O2 (
1
!g state).  
 An efficient PDT photosensitiser requires a favourable 
combination of the following factors: (i) light absorption at 35 
wavelengths which penetrate effectively into biological tissue (700–
950 nm),
4
 (ii) a high quantum yield for singlet oxygen generation 
(!!), (iii) efficient uptake into the diseased tissues, and (iv) 
localisation in regions of the cell which are vulnerable to singlet 
oxygen damage. Here we focus on these four factors, although there 40 
are also other important requirements such as low dark toxicity and 
good pharmacokinetics. 
 Photofrin
®
 was the first photosensitiser approved for clinical use.
1
 
However it has several drawbacks including relatively low absorption 
in the tissue transparency window (" = 3200 cm–1 M–1 at 630 nm),5 45 
slow clearance from the body and prolonged skin photosensitivity. 
These limitations are reduced in the second generation of 
photosensitisers
1
 which include chlorins (e.g. chlorine e6, 
tetrahydroxy-tetraphenylchlorin formulated as Foscan
®
 or verteporfin 
formulated as Visudyne
®
), bacteriochlorins (such as TOOKAD
®
) and 50 
phthalocyanines. The singlet oxygen quantum yields of clinical 
photosensitisers vary from 0.1 to 1.0 and are strongly solvent 
dependent.
6
 The efficiency of singlet oxygen generation by a 
hydrophobic sensitiser can be severely compromised in an aqueous 
environment due to aggregation, thereby leading to a lower PDT 55 
efficiency. The cellular response to PDT also depends on the primary 
organelle targeted by the photosensitiser.
7,8
 Most clinical 
photosensitisers induce apoptosis, generally via direct damage to the 
mitochondria;
7
 however, a secondary apoptotic response can be 
achieved by initial damage to the lysosomes.
7
 Photofrin
®
, on the 60 
other hand, localises in cell membranes and PDT with this 
photosensitiser is reported to induce necrosis.
9
  
 The cytotoxic response during PDT is strictly limited to the 
irradiated area due to the high reactivity and short lifetime of the 
photochemically produced intermediates. However healthy tissues 65 
which contain the photosensitiser may be damaged if they lie in the 
beam path. An additional degree of spatial selectivity may be 
achieved by two-photon excited photodynamic therapy
10-12
 due to the 
quadratic dependence of the absorption probability on the light 
intensity. This approach has great potential for the treatment of 70 
conditions where precise differentiation between healthy and 
diseased tissue is necessary, such as during the treatment of wet age-
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related macular degeneration (wet AMD) where abnormal blood 
vessels are targeted in the retina.
13,14
  
 Several clinical photosensitisers have been reported to induce in 75 
vitro PDT effects under two-photon excitaton
15,16
 with therapeutic 
efficiencies which are proportional to their cross-sections for two-
photon absorption (TPA).
16
 Two-photon excitation of verteporfin has 
been recently employed to occlude fine blood vessels in the chick 
embryo chorioallantoic membrane (CAM).
17
 However all the clinical 80 
photosensitisers which have been tested so far are inefficient two-
photon chromophores, that is, they possess low TPA cross-sections, 
#. For example, # = 10 GM (1 GM = 10–50 cm4 s photon–1) at 800 nm 
for Photofrin
®
,
15
 1.0 GM at 800 nm for protoporphyrin IX (the 
product of 5-aminolevulinic acid synthesis)
11
 and 50 GM at 900 nm 85 
for verteporfin.
16
 Thus the utility of existing photosensitisers for in 
vivo two-photon excited PDT is limited.  
 For clinical applications of two-photon excited PDT, there is a 
need for efficient two-photon chromophores that fulfil the biological 
and photophysical requirements listed above. The design and 90 
synthesis of photosensitisers with high two-photon cross-sections is 
currently an area of intense research effort.
18-25
 Conjugated porphyrin 
oligomers have attracted attention due to their strong two-photon 
absorption (# ! 5,000–25,000 GM) and straightforward 
synthesis.
20,26,27
 We recently reported the design of a hydrophilic 95 
porphyrin dimer with a very large TPA cross-section, P2C2-NMeI, 
Fig. 1.
28,29
 This photosensitiser was used successfully to close 40 ± 5 
µm blood vessels in the mouse window chamber model by applying 
two-photon excitation.
28
 
 This article explores the photophysical properties and intracellular 100 
uptake of a series of amphiphilic conjugated porphyrin dimers, 
related to P2C2-NMeI, see Fig. 1. We assess the properties pertinent 
for both one- and two-photon excitation PDT, including their 
absorption spectra and singlet oxygen quantum yields. We also 
measure their fluorescence quantum yields, relevant for in vitro and 105 
in vivo imaging. Using fluorescence microscopy, we monitor the 
accumulation of the photosensitisers in epithelial human ovarian 
adenocarcinoma cells (SK-OV-3) and assess their rate of uptake, 
intracellular localisation and photostability. 
 110 
Results and discussion 
Solubility Behaviour 
Conjugated porphyrin dimers without polar substituents are 
hydrophobic and are completely insoluble in water, rendering them 
unsuitable for PDT. We have designed and synthesised a series of 115 
hydrophilic porphyrin dimers,
29
 Fig. 1, modified with 
triethyleneglycol moieties. These substituents alone are insufficient to 
provide water-solubility, as we found that P2 precipitates slowly (48 
hours) from aqueous solutions containing up to 2% DMSO. 
Therefore the hydrophilicity of the conjugated porphyrin dimers was 120 
increased by substituting the terminal porphyrin meso-positions with 
either cationic or anionic aryl groups. Visual inspection confirms that 
1 µM aqueous solutions of all the charged porphyrin dimers 
containing up to 2% DMSO are stable for longer than 48 hours. The 
synthesis of all the compounds shown in Fig. 1 is reported in the 125 
preceding article.
29
 
Linear Absorption and Fluorescence Spectra 
The spectroscopic properties of all the conjugated dimers shown 
in Fig. 1 have been studied in organic solvents and aqueous 
solutions. The dimers can be divided into two groups according 130 
to the size of their conjugated "-system. Dimers P2-NMeI, P2-
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Fig. 1 The structure of the conjugated porphyrin dimers under study. 
 
Fig. 2 (a) Absorption spectra of porphyrin dimers in DMF solution 
containing 0.5% pyridine and (b) fluorescence spectra in DMSO: P2 
(black dots), P2-NMeI (black dash), P2C2-NMeI (black bold), P2-
NMe3OAc (grey bold), P2C2-CO2NH4 (black narrow). 
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NMe3OAc, P2-SO3NH4 and P2-Suc possess polar aromatic 
substituents directly bonded to the porphyrin meso-positions, thus 
steric interactions force these aryl substituents to twist out of 
conjugation with the porphyrin. In the second group, dimers 135 
P2C2-NMeI and P2C2-CO2NH4, the terminal aromatic groups are 
instead conjugated via an acetylene bridge, thereby increasing the 
length of the $-system. All the compounds exhibit sharp 
absorption and fluorescence bands in 0.5% pyridine/DMF and 
DMSO solutions (Fig. 2). Their lowest energy absorption 140 
maxima, Q-bands, lie between 650 and 800 nm and are intense 
compared to those of monomeric porphyrins.
5,30
 
 The greater degree of conjugation in P2C2-NMeI and P2C2-
CO2NH4, is clearly reflected in the shift of their Q-band absorption 
and fluorescence maxima to lower energy. The absorption of the 145 
conjugated dimers favourably compares with the existing second 
generation PDT sensitisers, e.g. " ! 4 # 104 cm–1 M–1 for Foscan® at 
654 nm, for chlorin e6 at 664 nm and verteporfin at 690 nm.
5
 The 
greater near-IR extinction coefficients of the new dimers, compared 
to the second generation PDT photosensitisers, indicate that they 150 
have potential as one-photon PDT agents. 
 The absorption spectra of the dimers in aqueous solution are 
broader and less intense than in organic solvents, as exemplified by 
P2-NMe3OAc in Fig. 3. In addition, upon going from DMSO to an 
aqueous environment the fluorescence spectra shift to longer 155 
wavelengths and broaden, as shown in Table 1 and Fig. S1, ESI. 
These changes are consistent with partial aggregation of the 
conjugated dimers in aqueous solution, which could lead to 
accelerated relaxation of the excited state by internal conversion.  
 We tested the photophysical behaviour of the dimers under model 160 
physiological conditions by recording a series of fluorescence spectra 
in aqueous solution at pH 7 following addition of bovine serum 
albumin (BSA) (Fig. 4 and Table 1). BSA has hydrophobic pockets 
which bind non-covalently to a range of drugs
31
 and luminescent 
labels,
32
 and binding reduces the aggregation of porphyrin 165 
photosensitisers.
33
 A marked increase in emission intensity is 
observed following titration with BSA for all the dimers except P2 
and P2-Suc. The protein-assisted disaggregation process is 
accelerated by heating. A further increase in emission intensity is 
observed when 1 µM solutions containing an 8-fold excess of BSA 170 
are maintained at 40 °C for 30 min (close to tissue culture 
conditions); see !f with BSA and heat, Table 1. The increase in 
intensity is accompanied by the narrowing of the emission spectra, 
Fig. 4, which is also characteristic of disaggregation.  
 In contrast to the cationic dimers and anionic dimer P2C2-175 
CO2NH4, the spectral shape of the fluorescence peak from the 
 
Fig. 4 Fluorescence spectra recorded for solutions of (a) P2-NMeI,  
(b) P2-NMe3OAc and (c) P2-SO3NH4 in water (1 µM concentration) 
following the addition of aliquots of BSA up to 8 equivalents. The bold 
grey lines show normalised emission spectra recorded following heating 
of the resulting 1:8 [dimer]:[BSA] solution at 40°C for 30 min; the 
normalisation factors are shown in each case (e.g. #0.6 in c). 
 
Fig. 3 Absorption (solid lines) and normalised fluorescence spectra 
(dashed lines) of porphyrin dimer P2-NMe3OAc in DMSO (bold lines) 
and in aqueous solution containing 0.1% DMSO (narrow lines).  
Table 1 Photophysical parameters of the conjugated porphyrin dimers under a rage of solvent conditions. 
 P2 P2-NMeI P2C2-NMeI P2-NMeOAc P2-SO3NH4 P2C2-CO2NH4 P2-Suc 
%max(em) DMSO 700 730 795 715 715 760 720 
%max(em) H2O 712 760 800 733 725 780 729 
!f, MeOH
a 0.11 0.11 0.01 0.10 0.13 <0.001 0.06 
!f, D2O
b 0.5% DMSO <0.001 0.002 <0.001 0.005 0.03 <0.001 0.008 
!f, D2O/BSA+heat <0.001 0.08 0.02 0.05 0.05 0.01 0.01 
!!, MeOH
c 0.89 0.54 0.60  0.70 0.69 0.20 0.87 
!!, D2O
d 0.14 0.50 0.25 0.36 0.59 0.24 0.43 
%max(em) is the peak fluorescence wavelength; !f is the fluorescence quantum yield; !! is the singlet oxygen quantum yield. 
a vs. Chla in ether (0.32),34 
10% error; b vs. verteporfin in D2O (0.05),
35 10% error; c vs. Chla (0.77) and [Ru(bpy)3]
2+ (0.8),6 10% error; d vs. TMPyP (!! = 0.74)
6 10% error. 
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sulfonated dimer P2-SO3NH4 does not significantly change following 
heating with BSA, Fig. 4c. In addition, its fluorescence intensity 
increases by a factor of 1.7, which is considerably less than for the 
positively charged dimers, that increase more than 10-fold upon 180 
heating in the presence of BSA, see Table 1, Fig. 4. This indicates 
that P2-SO3NH4 aggregates to a lesser degree in water than the other 
dimers, which is explained by its structure. P2-SO3NH4 has twice the 
number of charges compared to P2-NMeI, P2-NMe3OAc, P2C2-
NMeI and P2-Suc, and its sulfonate groups are much weaker bases 185 
than the carboxylate groups of P2C2-CO2NH4, therefore, at neutral 
pH, it will be fully ionised. Thus P2-SO3NH4 appears to be the most 
water-soluble photosensitiser in the series. 
Singlet Oxygen Quantum Yields 
The singlet oxygen quantum yields of all the porphyrin dimers in 190 
methanol and in D2O are given in Table 1. High quantum yields, 
greater than 0.5, are obtained in methanol for all the dimers except 
P2C2-CO2NH4, which could be explained by aggregation of this 
compound in methanol, as judged from the broadened shape of its 
absorption spectrum and low fluorescence quantum yield (see Fig. 195 
S2, ESI).
36
  
 The singlet oxygen yields of the dimers in aqueous solution are 
reduced compared to those in organic solvents, consistent with partial 
aggregation. Such a reduction in singlet oxygen production efficiency 
is common upon going from organic solvents to aqueous 200 
environments for hydrophobic photosensitisers, e.g. for Photofrin
®
 !! 
is 0.83 in methanol and 0.25 in D2O.
6
 In spite of the partial 
aggregation in aqueous solution of all the dimers, they show 
appreciable singlet oxygen yields, intermediate between the clinical 
sensitisers aluminium disulfonated phthalocyanine (!! = 0.15)
37
 and 205 
verteporfin (!! = 0.80).
35
 
Two-Photon Absorption Spectra  
Hydrophobic conjugated porphyrin dimers have been previously 
shown to have large peak two-photon cross-sections of 3,000–
10,000 GM,
20,26,27,38
 several hundred times more than the values 210 
characteristic of monomeric porphyrins.
15
 The TPA spectra of the 
ionic dimers were determined by detecting the upconverted 
fluorescence following excitation between 830–1100 nm, as shown 
in Fig. 5 and Table 2. The characteristic quadratic dependence of the 
emission intensity on the laser power was detected at wavelengths 215 
longer than 830 nm for P2-NMeI, P2-NMe3OAc and P2-Suc, >850 
nm for P2C2-CO2NH4 and > 900 nm for P2C2-NMeI. Dimers P2-
NMeI, P2-NMe3OAc and P2-Suc have peak TPA cross-sections of 
around 9000 GM between 830–838 nm, whilst the extended 
$-systems of P2C2-NMeI and P2C2-CO2NH4 result in a further 220 
increase to 17000 GM at 916 nm and 14000 GM at 878 nm 
respectively. This is consistent with previous reports,
39,40
 which find 
that TPA cross-sections rise with increasing electronic conjugation. 
An additional factor which could contribute to the enhanced # values 
for all dimers is that the terminal charged aryl groups are electron-225 
acceptors.  
 Direct comparison with the previously reported conjugated dimers 
P2! and P2C2-THS
26
 shows that the TPA cross-sections are increased 
for all the ionic dimers, Table 2. This increase must be due to the 
terminal charged aryl groups, all of which are electron-acceptors. The 230 
greatest increase is observed in P2C2-NMeI and P2C2-CO2NH4, 
where the electron-accepting groups are fully conjugated to the 
porphyrin dimer core forming ‘acceptor-"-donor-"-acceptor’ systems 
of the type which generally enhances two-photon absorption.
41
 
 The TPA cross-sections of this series of conjugated porphyrin 235 
dimers compare favourably with the values of other potential 
photosensitisers designed for two-photon excited PDT. For example, 
TPA cross-sections of ca 2000 GM have been reported for 
tetraphenyl-porphycenes (determined via two-photon excited singlet 
oxygen detection),
18
 ca 1000 GM for porphyrin-TPA chromophore 240 
assemblies (determined via two-photon excited fluorescence, similar 
to the present work)
19
 and 7900 GM for self-assembled porphyrin 
dimers (determined by the z-scan technique).
24
  
 The high TPA efficiencies of our porphyrin dimers within the 
‘therapeutic window’ of biological tissues (700–950 nm)
4
 in 245 
combination with the high singlet oxygen quantum yields highlight 
these compounds as promising photosensitisers for two-photon 
excited PDT. 
Intracellular Localisation 
Table 2 Extinction coefficients (""max#) at #the # Soret# band and peak TPA 
cross-sections ($#max) measured in DMF with 1% pyridine.  
 
compound 
OPA %max 
(nm) 
 
Log "max 
TPA %max 
(nm)a 
#max 
(GM) 
P2-NMeI  458 5.31 838
a 8,700 
P2C2-NMeI  471 5.45 916 17,000 
P2-NMeOAc 455 5.36 830
a 8,300 
P2C2-CO2NH4 463 5.57 878 14,000 
P2-Suc 460 5.40 838
a 10,000 
P2!
b
 482 5.62 830 5,500 
P2C2-THS
b
 458 5.48 873 9,100 
verteporfin 430 4.98 930 50  
a TPA %max is the wavelength at which the highest recorded TPA cross-
section is measured; b from ref 26 in CH2Cl2 with 1% pyridine. 
Zn
N N
NN
Zn
N N
NN
tBu tBu
tButButButBu
tButBu
RR
P2'  R = H
P2C2-THS  R = C2Si(C6H13)3
 
 
Fig. 5 Two-photon absorption spectra of the dimers measured in DMF 
with 1% pyridine; P2-NMeI (! open diamond), P2C2-NMeI (! black 
triangle), P2-NMe3OAc (" black circle), P2C2-CO2NH4. (# open circle), 
P2-Suc (" grey triangle). 
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Efficient delivery of the photosensitiser to cells is vital for PDT. 250 
Confocal fluorescence microscopy was used to monitor the uptake 
and intracellular localisation of the new dimers. For this purpose 
solutions of all the dimers in DMSO (1 mM) were diluted 100-fold 
into cell culture medium and incubated with SK-OV-3 cells for 1–
24 hours. All the ionic porphyrin dimers accumulate inside SK-OV-3 255 
cells.
42
 Typical fluorescence images of confluent layers of cells 
incubated with the dimers are shown in Fig. 6, for the cationic dimers 
(a) P2-NMeI and (b) P2-NMe3OAc and the anionic dimers (c) P2-
SO3NH4 and (d) P2-Suc. For comparison an image is also included 
of cells incubated with the clinical photosensitiser verteporfin (Fig. 260 
6e).  
 Co-staining experiments using the organelle stains rhodamine 123 
(mitochondria) and Lysotracker® yellow (lysosomes) were 
performed in order to determine the subcellular regions targeted by 
the dimers, Fig. 7 and Figs S5 and S6, ESI. These probes were 265 
chosen since the dimers exhibit punctate fluorescence (Fig. 6), which 
is typical of the small, granular lysosomes and mitochondria of SK-
OV-3 cells. We observed no co-localisation of the dimers with the 
rhodamine 123 stain and only partial overlap with Lysotracker
®
 
yellow. In addition, SK-OV-3 cells were incubated for 4 or 18 hours 270 
with dimer P2-NMe3OAc and then co-stained with the Lysotracker 
(Fig. S7, ESI). The images indicate that the intracellular distribution 
of P2-NMe3OAc may alter over time; these subtle changes are 
currently the subject of further investigation. While unique 
colocalisation is not seen with any of the stains following 4 hours 275 
incubation, some overlap is evident with Lysotracker yellow after 18 
hours, as indicated by the yellow regions in the images. The 
possibility of multiple localisation domains of P2-NMe3OAc is 
illustrated in detail in Fig. S7, ESI, where a series of images are 
shown through the depth of a cell layer which has been incubated 280 
with P2-NMe3OAc for 24 hours. 
Rates of Cellular Uptake 
The SK-OV-3 cells were incubated with 10 µM solutions of the 
dimers and the intensity of the intracellular fluorescence at 650–750 
nm was monitored as a function of incubation time, Fig. 8. The rate 285 
of increase of the emission appears to depend on the charge of the 
dimers. Thus the anionic dimer P2-SO3NH4 reaches maximal cellular 
fluorescence intensity after incubation for only 4 hours, whereas the 
cationic dimers take about 20 hours to reach their maximum 
fluorescence intensities. The curves in Fig. 8 are normalised, so they 290 
do not provide information on the final concentration of the dye in 
the cells. The intensities of the intracellular fluorescence can be 
compared for pairs of dimers with similar spectral characteristics, 
such as dimers P2-NMeI and P2-SO3NH4 (established from solution 
measurements, Table 1 and Fig. S1, ESI). The intracellular 295 
fluorescence intensities of the positively charged dimers P2-NMeI 
and P2-NMe3OAc are about five times greater than that of the 
corresponding negatively charged dimer, P2-SO3NH4 , indicating that 
the cationic dyes are the more promising photosensitisers.  
 
Fig. 6 Confocal fluorescence images (%em = 650–750 nm) obtained following incubation of SK-OV-3 cells with 10 µM solution of dimers (a) P2-NMeI, (b) 
P2-NMe3OAc, (c) P2-SO3NH4 and (d) P2-Suc for 24 hours and (e) verteporfin for 2 hours. Scale bar 20 %m. 
 
Fig. 7 Confocal fluorescence images obtained following 24 hour 
incubation of SK-OV-3 cells with 10 µM solution of (a, b) P2-NMeI and 
(c, d) P2-NMe3OAc; co-stained with Hoechst 3360 (blue) and either, 
rhodamine 123 (b, green, mitochondria) or Lysotracker® yellow (d, green, 
lysosomes). No significant overlap of dimer fluorescence with 
fluorescence of the organelle trackers is observed. Scale bar 20 %m. 
 
Fig. 8 The uptake curves obtained from the fluorescence images of  
SK-OV-3 cells incubated with 10 µM solution of ionic dimers P2-NMeI 
(! open diamond), P2C2-NMeI (! black triangle), P2-NMe3OAc (" 
black circle) or P2C2-SO3NH4. (! black diamond). 
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Photobleaching in Cells 300 
Photostability is an important factor affecting PDT efficiency; a 
stable photosensitiser can undergo a greater number of excitation 
events, thereby producing more singlet oxygen, before it is degraded. 
To determine the in vitro photostabilities of the conjugated dimers, 
we have compared the rates of photobleaching of P2-NMeI, P2-305 
NMe3OAc and P2-Suc, which have similar absorption spectra. A 
confluent layer of cells was incubated with 10 µM of the dimer for 24 
hours prior to irradiation with 1 mW of 488 nm laser light (50 
sec/scan). The changes in the intracellular fluorescence intensities of 
P2-NMeI, P2-NMe3OAc, P2-Suc and verteporfin are shown in Fig. 9 310 
as function of exposure time. A typical series of confocal 
fluorescence images obtained during these experiments is given in 
Fig. S9, ESI. Although the extinction coefficient of verteporfin (11 
mM
–1
 cm
–1
) is an order of magnitude less than that of the porphyrin 
dimers P2-NMeI, P2-NMe3OAc and P2-Suc (160 mM
–1
 cm
–1
 ± 10%) 315 
at 488 nm in DMSO, verteporfin photobleaches significantly faster 
than any of the dimers. Photostability increases in the order: 
verteporfin < P2-NMe3OAc < P2-Suc < P2-NMeI. It was established 
by necrotic cell staining using SYTOX
®
 green that under the 
conditions used, less than 150 s of irradiation were sufficient to 320 
induce cell death with all the photosensitisers tested.
43
 Thus the 
photobleaching of P2-NMeI, P2-NMe3OAc and P2-Suc does not 
appear to significantly interfere with their in vitro photodynamic 
action.  
 The confocal images collected for P2-NMeI after the 325 
photobleaching experiment indicate that the overall intensity of the 
intracellular fluorescence increases following 488 nm irradiation, Fig. 
S10, ESI. This observation could be explained by a redistribution of 
the photosensitiser after irradiation. Such behaviour has been 
previously observed for several PDT photosensitisers
44-47
 including 330 
aluminium sulfonated phthalocyanines and Foscan
®
.
45,46
 
 The confocal fluorescence images of cells incubated with P2-
NMe3OAc, recorded before and after photobleaching, Fig. 9 (b, c) 
show that the dimer within the cell layer does not bleach 
homogeneously. In combination with the observation of 335 
biexponential photobleaching kinetics, this suggests that dimer P2-
NMe3OAc displays different photobleaching rates according to its 
intracellular localisation.  
Conclusions 
We have analysed a series of new hydrophilic conjugated porphyrin 340 
dimers and investigated the photophysical properties relevant to one-
photon and two-photon PDT, both in organic solvents and aqueous 
environments. These dimers show high singlet oxygen quantum 
yields (0.5–0.9 in methanol), as is desirable for PDT, and exhibit 
fluorescence in the far-red spectral region 700–800 nm which could 345 
be utilised for diagnosis. The ionic dimers investigated here exhibit 
exceptionally large peak TPA cross-sections of 8,000–17,000 GM at 
wavelengths accessible with commercial femtosecond lasers, making 
them extremely promising for two-photon excited PDT. In addition, 
their red shifted Q-bands (650–800 nm) have high extinction 350 
coefficients, ca 10
5
 cm
–1 
M
–1
, making them promising for deep tissue 
penetrating one-photon PDT. We have demonstrated through 
fluorescence imaging that the dimers efficiently partition into human 
cancer cells (SK-OV-3). The intracellular fluorescence intensities of 
the cationic dimers significantly exceed those of the anionic dimers, 355 
indicating greater uptake. We have also shown that the dimers are 
more photostable than the clinical photosensitiser verteporfin, while 
inside SK-OV-3 cells. 
 We expect that the phototoxicity of these charged dimers will be 
largely determined by a combination of their singlet oxygen yields 360 
and cellular accumulation (concentration and localisation) behaviour. 
We present a systematic study of the PDT efficiencies of these new 
photosensitisers towards a human cancer cells in a following article.
43
 
Experimental 
Spectroscopic grade D2O, methanol, DMSO and pyridine (Aldrich) 365 
were used for all the measurements. Air-saturated solutions were 
used for singlet oxygen yield determination. The emission spectra 
were recorded on a SPEX FluoroLog 3 spectrofluorimeter equipped 
with a Xenon lamp as an excitation source, and are not corrected for 
detector sensitivity at % > 800 nm, which may result in some 370 
distortion to the long-wavelength regions of the emission spectra in 
Figs 2b, 5 and 4. 
 Singlet oxygen (
1
O2) generation was detected by its 
phosphorescence at 1270 nm using a North Coast Scientific EO-817P 
germanium photodiode detector. A frequency-tripled Nd:YAG 375 
(Continuum Surelite I-10) pumped dye laser (Lambda Physik, 
Coumarin 120 laser dye) was used as the excitation source providing 
0.01–1.0 mJ per pump pulse at the sample between 430–470 nm, 
with a pulse duration of around 10 ns. The 
1
O2 quantum yields (!!) 
were calculated by a comparative method using chla (!! = 0.77) and 380 
 
Fig. 9 (a) The changes in the intracellular fluorescence following 488 nm 
laser irradiation of the confluent layer of SK-OV-3 cells incubated with 
the 10 µM solution of P2-NMeI (! open diamond), P2-NMe3OAc (" 
black circle), P2-Suc (" grey triangle) and verteporfin ($ black square) 
for 24 hours. The initial intensity of fluorescence is normalised. Images 
(b) and (c) show confocal fluorescence images of cells incubated with 
P2-NMe3OAc (b) before and (c) after photobleaching under these 
conditions (900 s irradiation, 488 nm, 1 mW; scale bar 20 %m). The 
irradiation time required to kill the cells is less than 150 s.  
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[Ru(bpy)3]
2+
 (!! = 0.80) in methanol, and TMPyP (!! = 0.74) in 
water as standards.
6
 The fluorescence quantum yields were 
determined relative to chla (!f = 0.32 in ether)
34
 and verteporfin (!f = 
0.05 in D2O).
35
  
 The two-photon absorption properties were determined as reported 385 
previously,
48
 by means of monitoring the fluorescence intensity. 
Briefly, freshly prepared samples of the dimers in DMF containing 
1% pyridine (ca 1 %M in 1 cm cuvette) were excited using linearly 
polarised light from a tuneable femtosecond optical parametric 
amplifier (TOPAS, Quantronix). The up-converted fluorescence was 390 
recorded as a function of excitation wavelength, using a 90° detection 
geometry and an imaging spectrometer (Triax 550, Jobin-Ivon). The 
spectra were corrected for the wavelength dependence of the photon 
flux, pulse duration and beam spatial profile. The spectra were scaled 
to the cross-section (#), measured at a selected wavelength. For the # 395 
measurement, we compared the intensities of the one- and two-
photon excited fluorescence under the same conditions of registration 
and similar geometry of excitation.
48
 
 Imaging was performed using a confocal laser scanning 
microscope (Leica TCS SP2), coupled to a CW argon-ion laser (488 400 
nm). The fluorescence emission of the photosensitisers in the cells 
was spectrally dispersed using a prism and detected using a 
photomultiplier tube. Either dry 40# (NA = 0.75) or water immersion 
63# objectives (NA = 1.23) were used to image. The human ovarian 
carcinoma cells (SK-OV-3, ECACC) were grown in Dulbecco’s 405 
modified Eagle’s medium (DMEM, Gibco) supplemented with 
100 U mL
–1
 penicillin (Sigma), 100 µg mL–1 streptomycin (Sigma) 
and 10% fetal bovine serum (Sigma). The cells were maintained at 
37 °C in a humidified 5% CO2 atmosphere. For the imaging 
experiments, the cells were seeded at 10
4
 cells per well in 0.2 mL of 410 
culture medium in untreated 8-well coverglass chambers (Lab-
Tek
TM
, Nunc) and allowed to grow to confluence for 24 h. The 
culture media was replaced with the medium containing the 
porphyrin dimers and incubated for 1–24 h. Following incubation, the 
chambers were washed twice with PBS and images were collected at 415 
25 °C. The mean fluorescence intensities from the images were 
obtained at different incubation times and plotted to determine the 
rate of uptake of the dimers into cells. 
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